Background We sought to define the radiologic features that differentiate neoplastic from non-neoplastic T2 hyperintensities (T2Hs) in neurofibromatosis type 1 (NF1) and identify those lesions most likely to require oncologic surveillance.
Background
We sought to define the radiologic features that differentiate neoplastic from non-neoplastic T2 hyperintensities (T2Hs) in neurofibromatosis type 1 (NF1) and identify those lesions most likely to require oncologic surveillance.
Methods
We conducted a single-center retrospective review of all available brain MRIs from 68 children with NF1 (n = 190) and 46 healthy pediatric controls (n = 104). All T2Hs identified on MRI were characterized based on location, border, shape, degree of T1 hypointensity, and presence of mass effect or contrast enhancement, and subsequently classified using newly established radiologic criteria as either unidentified bright objects (UBOs) or probable tumors. Lesion classification was pathologically confirmed in 10 NF1 cases.
Results
T2Hs were a highly sensitive (94.4%; 95% confidence interval [CI] 86.4%-98.5%) and specific (100.0%; 95% CI 92.3%-100.0%) marker for the diagnosis of NF1. UBOs constituted the majority of T2Hs (82%) and were most frequently located in cerebellar white matter, medial temporal lobe, and thalamus, where they were more likely than probable tumors to be bilateral (p < 0.001) and have nondiscrete borders (p < 0.001). Surprisingly, 57% of children with T2Hs harbored lesions classified as probable tumors, and 28% of children with probable tumors received treatment. In contrast to UBOs, probable tumors were most frequently located within the globus pallidus and medulla, and rarely occurred prior to 3 years of age.
Conclusions
With the implementation of standardized radiologic criteria, a high prevalence of brain tumors was identified in this at-risk population of children, of which nearly one-third required treatment, emphasizing the need for appropriate oncologic surveillance for patients with NF1 harboring nonoptic pathway brain tumors.
The majority of children with neurofibromatosis type 1 (NF1) harbor small focal areas of increased T2-weighted signal (T2 hyperintensities [T2Hs]) on brain MRI. 1 While most of these lesions, colloquially known as unidentified bright objects (UBOs), are thought to represent nonneoplastic abnormalities, 2 children with NF1 are at substantially increased risk for low-grade brain tumors, 3, 4 which often appear as similar high-signal-intensity foci on T2-weighted imaging. 5 Low-grade brain tumors are typically characterized by mass effect or contrast enhancement on postgadolinium MRI. However, prolonged relaxation on T1-weighted imaging is a common radiologic feature of low-grade tumors that is frequently not considered when evaluating T2Hs in NF1. 5 To further complicate the interpretation of neuroimaging results in patients with NF1, one-third of all NF1-associated low-grade brain tumors arise outside of the optic pathway, most commonly in the brainstem and cerebellum-areas where UBOs are also commonly located. 3, 4, 6 Prior studies have employed varying radiographic criteria to differentiate brain tumors from presumed nonneoplastic UBOs. The lack of standardization has made it challenging to reliably interpret neuroimaging studies in patients with NF1, and to determine how best to monitor these MRI abnormalities. Since T2Hs are rarely biopsied or surgically resected, 6 there is a pressing need for radiologic guidelines that discriminate between UBOs and brain tumors in this at-risk population. To address this unmet need, we employed newly established radiographic criteria to comprehensively characterize these common MRI abnormalities, elucidate the characteristics that differentiate neoplastic from non-neoplastic T2Hs in NF1, and identify those lesions most likely to require further surveillance.
Methods

Study design and participants
All individuals with a clinical diagnosis of NF1, based on NIH diagnostic criteria, 7 who had a brain MRI performed at our institution between January 1, 2006, and December 31, 2016 (n = 170), were retrospectively identified under an approved human subjects protocol at Washington University. Of those individuals, a subset of patients 21 years or younger were identified for further review (n = 72 reached following training by an experienced neuroradiologist (M.S.G.). Discrepancies or uncertainties about particular lesions were arbitrated by M.S.G., who was blinded to diagnosis and age.
Using previously proposed radiographic criteria, specifically developed as a collaborative effort among 4 tertiary NF referral centers to characterize NF1 brainstem gliomas, 3 all T2Hs were classified by likelihood of tumor based on their radiographic characteristics: T2Hs were classified as low likelihood of tumor if they had no associated T1 hypointensity, no mass effect, and no contrast enhancement. Lesions classified as intermediate likelihood of tumor had minimal or moderate T1 hypointensity without mass effect or contrast enhancement, and T2Hs were considered to have a high likelihood of tumor if the lesions were more hypointense than gray matter on any T1-weighted sequence, exhibited mass effect, or exhibited contrast enhancement. In a separate analysis, we found that lesions classified as intermediate likelihood of tumor showed similar characteristics, prevalence, and changes over time as those classified as low likelihood of tumor. Therefore, we refer to all T2Hs with low or intermediate likelihood of tumor as UBOs, and all lesions meeting criteria for high likelihood of tumor as probable tumors.
Statistical analysis
Continuously distributed data adhering to conventional normality assumptions are reported as mean and SD, and were compared using the independent Student t test. Categorical variables are reported as frequencies and proportions, and were compared using logistic regression methods. Nonparametric equivalents were employed for non-normally distributed data. With biostatistical support (Michael Wallendorf, PhD, Division of Biostatistics at Washington University), quadratic polynomial random coefficient models were fit for natural log-transformed counts of UBOs and tumors to investigate the change in UBO and tumor burden with age. Statistical significance was defined as a p value of <0.05. All analyses were performed using IBM (Armonk, NY) SPSS, version 23.
Standard protocol approvals, registrations, and patient consents
The Washington University Human Research Protection Office approved this study with waiver of informed consent given the minimal risk associated with the retrospective collection and use of anonymized human subject data. Fat-suppressed fluid-attenuated inversion recovery images in a 6-yearold girl with NF1 harboring lesions in the globus pallidus (long solid white arrow), hippocampus/medial temporal lobe (short dashed white arrow), cerebral peduncles (short solid white arrow), and deep cerebellum (long dashed white arrow). 
Neocortical gray matter 0 (0.0) Data availability Anonymized data will be shared by request from any qualified investigator.
Results
A total of 114 individuals were included for analysis: 68 individuals with NF1 and 46 controls. Of the 68 individuals with NF1, 34 (50%) were male and the mean age was 12.0 years (SD 4.1). Seventy-two percent of the NF1 group had more than one MRI available for review (median 3 scans; range 1-6), where the median interval between the first and last MRI scan was 4.5 years (range 0.5-10.3) and the median age at first MRI scan was 6.3 years (range 0. 3-14.8 100% specificity (95% CI 92.3%-100.0%) for a diagnosis of NF1. Of those individuals in the NF1 cohort who had no observable T2Hs on brain MRI (n = 4), one had no identifiable pathologic NF1 gene mutation, another individual had a novel heterozygous missense variant in the NF1 gene of unclear clinical significance, and 2 were young at the time of the initial scan (4 months old; 6 years old). Overall, a total of 510 unique T2Hs were identified in the NF1 cohort. Using the radiographic criteria outlined above, 420 (82%) T2Hs were classified as UBOs (figure 1), and all but one individual harbored at least one lesion consistent with a UBO. Although these lesions were identified in all brain regions (except for neocortical gray matter), 57% of all UBOs were localized to the cerebellar white matter, medial temporal lobe, and thalamus ( Of the 335 UBOs detected on at least 2 MRI scans, nearly all remained classified as UBOs on final MRI, with only 6% later reclassified as probable tumor ( figure 2A) . None of these patients became symptomatic or required treatment. Further, no specific features (location, border, shape, laterality, sex, or number of concurrent UBOs) discriminated T2Hs that were later reclassified as probable tumor from those that remained as originally classified. Despite inherent individual variability, fixed effects measures generated from random coefficient modeling of the data suggested that UBO burden increases gradually during early childhood, reaches a maximum at 6.75 years of age, on average, and then gradually decreases in adolescence (figure e-1, links.lww. com/CPJ/A38).
A total of 90 (18%) T2Hs were classified as probable tumors, where 92% (n = 83) were classified based on the presence of contrast enhancement or mass effect ( figure 3) . Strikingly, 39 of 68 individuals (57%) had at least one T2H classified as a probable tumor on MRI. While probable tumors were detected in all brain regions, 53% developed in the globus pallidus, midbrain, and medulla (table 3) . Of the 50 probable tumors found on at least 2 MRI scans, 24% were later reclassified as UBO on final MRI (figure 2B); however, there were no specific features that discriminated those that were later reclassified from those that were not. Like UBOs, random coefficient modeling of the high-likelihood lesions revealed that tumor burden also tended to increase during early childhood and appeared to peak at approximately 11 years of age (figure e-2, links.lww.com/CPJ/A38). In contrast to UBOs, T2Hs classified as high likelihood for tumor rarely occurred in children younger than 3 years and were significantly less likely than UBOs to resolve with time (25.1% vs 4.0%; p = 0.001).
OPGs were identified in 24 individuals (35%) in the NF1 cohort. Although there was no significant difference in the proportion of individuals with probable tumors based on the presence or absence of OPG (67% vs 52%; p = 0.25), individuals with OPG had significantly more UBOs than individuals without OPG (7.1 vs 5.6; p = 0.04). No differences were observed between male and female participants with respect to number of UBOs, number of tumors, or distribution of T2Hs.
Pathologic analysis and treatment
Ten individuals underwent lesion biopsy-5 were located in the medial temporal lobe, 3 in the cerebellum, 1 in the middle cerebellar peduncle, and 1 in the frontal lobe. All biopsied T2Hs were classified as high likelihood for tumor both at the time of initial MRI and at the time of biopsy-9 of these were classified based on the presence of contrast enhancement or mass effect, and one was classified based on the presence of marked T1 hypointensity alone. All lesions exhibited neoplastic features on pathologic assessment, of which 5 were WHO grade I gliomas, 4 were WHO grade II gliomas, and 1 was a WHO grade IV primitive neuroectodermal tumor (table 4) .
All biopsy-proven neoplasms were treated with surgical resection or chemotherapy. While most required only one course of treatment, one WHO grade I glioma (NFT2-Bx-2) required multiple rounds of chemotherapy due to tumor progression, and the high-grade embryonal tumor (NFT2-Bx-7) was surgically resected and aggressively treated with chemotherapy and radiation but was ultimately fatal.
Overall, 12 tumors (10 with biopsy, 2 without) occurring in 11 unique individuals with NF1 were treated with chemotherapy or surgical resection, representing approximately 28% of all individuals with probable tumors (11 of 39). In contrast, no UBOs, regardless of reclassification, required treatment (OR 133.9; 95% CI 7.9-2,285.2; p < 0.001).
Discussion
Brain tumors are a significant source of morbidity in children with NF1; however, differentiating nonoptic pathway tumors from non-neoplastic T2H abnormalities on neuroimaging studies continues to represent a major challenge for clinicians who evaluate and manage this at-risk population of individuals. To address this clinically important issue, we utilized uniform radiologic criteria to systematically classify all T2Hs occurring in a single NF1 cohort. This study makes several notable points relevant to the assessment of T2Hs arising in children with NF1. We demonstrate that T2Hs-inclusive of both UBOs and tumors-are present in nearly all individuals with NF1, suggesting that UBOs are a highly sensitive feature of NF1.
First, we demonstrate that T2Hs-inclusive of both UBOs and tumors-are present in nearly all individuals with NF1, suggesting that UBOs are a highly sensitive feature of NF1.
This point is underscored by the observation that only 5 of the 68 patients with NF1 (7.3%) lacked UBOs on brain MRI-4 individuals with no T2Hs and 1 individual with only high-likelihood lesions. While T2-hyperintense brain lesions are known to occur in other childhood neurologic disorders, including toxic and metabolic conditions and autoimmune encephalopathies, the MRI abnormalities associated with these conditions are typically widespread, affecting bilateral white and gray matter, and are commonly associated with profound neurologic symptoms. 8, 9 In contrast, the MRI finding of multiple asymptomatic focal T2Hs primarily affecting the basal ganglia, thalami, medial temporal lobes, cerebellar hemispheres, or brainstem appears to be highly specific for the diagnosis of NF1. Given that these highly sensitive and specific MRI findings tend to develop early in life and are one of the most common manifestations of NF1, it has been consistently proposed that the presence of T2Hs on MRI may serve as a second disease-defining feature, especially in the context of a young child with a suspected, but not yet confirmed, diagnosis of NF1 (i.e., positive family history without defining clinical features). [10] [11] [12] [13] [14] Despite their potential clinical utility, it should be emphasized that MRI under sedation in asymptomatic young children with a suspected diagnosis of NF1 is not currently indicated for this purpose.
Second, while T2Hs-as a whole-occurred most frequently in previously described brain locations, such as the brainstem, cerebellum, basal ganglia, and thalamus, 15, 16 we found that UBOs and probable tumors exhibit different spatial patterns in the brain. Probable tumors were most commonly observed in the brainstem and basal ganglia, whereas UBOs occurred most frequently in the cerebellum, medial temporal lobes, and thalamus. In keeping with 2 previous studies, one of which identified diffuse bilateral hippocampal T2Hs in 80% of patients and one of which observed hippocampal T2Hs in 64% of patients, 17, 18 approximately 60% of individuals with NF1 in our series had identifiable UBOs in the medial temporal lobes. Despite the high propensity for UBOs to develop in the medial temporal lobe and hippocampus, these specific brain regions, which are linked to learning and memory, 19 remain under-recognized as common locations for the development of NF1-associated UBOs. This is particularly important in light of the high prevalence of neurocognitive deficits in children with NF1, 20 and the postulation that non-neoplastic T2Hs (UBOs) may represent potential biomarkers for cognitive and behavioral dysfunction in NF1. While the presence and number of UBOs has been associated with reduced cognitive functioning in some studies, [21] [22] [23] other reports have failed to identify a relationship between UBO burden and cognitive impairment. 1, 24, 25 In this regard, numerous past studies have demonstrated a consistent association between the presence of thalamic lesions and reduced intelligence 24, 26, 27 ; however, other reported deficits such as attentional problems, sensorimotor impairment, and reduced general cognition, which have been associated with UBOs in the cerebellum and globus pallidus, have not been reliably replicated. The reproducibility of results between studies is hindered by small sample sizes, inconsistent definitions with respect to neuropsychological measures, variable inclusion criteria, and the absence of uniform radiologic criteria for the accurate classification of T2Hs across studies. While all tumors, as defined by the presence of mass effect or contrast enhancement, are typically excluded from association studies investigating UBOs and clinical outcomes in NF1, we found that 7%-8% of probable tumors identified in our series (one of which was pathologically confirmed) were classified on the basis of exhibiting marked T1 hypointensity alone. This suggests that a proportion of probable tumors may be misclassified as UBOs, consequently confounding the interpretation of results aimed at defining the use of UBOs as radiologic biomarkers in the setting of NF1. In this regard, future studies may be better positioned to reveal associations between UBOs and neurocognitive deficits if uniform radiologic criteria that serve to discriminate neoplastic from nonneoplastic lesions are employed, and the analyses are restricted to specific brain regions.
28-30
Finally, and perhaps most unexpectedly, 57% of individuals with NF1 harbored a probable tumor. Moreover, nearly one-third of these children required treatment for their nonoptic pathway tumor, suggesting that brain tumors occurring outside of the optic pathway are considerably more frequent and less clinically benign than commonly appreciated. 15, 31, 32 While the frequency of nonoptic pathway tumors observed in this retrospective study may be subject to ascertainment bias, the clinical indication for obtaining neuroimaging in the study sample varied considerably and included typical indications such as vision changes, surveillance of known OPGs, headaches, hypotonia, and epilepsy. As such, we suspect that the discrepant frequencies of nonoptic pathway gliomas reported in this and prior similar studies likely reflects the previous misclassification of T2Hs in the absence of standardized radiologic criteria, rather than a product of systematic bias in this study.
As a validation of the proposed radiologic criteria, all 10 pathologically confirmed neoplasms were correctly classified as probable tumors on initial MRI. While brain biopsy of an asymptomatic low/intermediate-likelihood lesion would not be ethical or clinically indicated, the finding that few probable tumors spontaneously resolved (2/50 patients; 4%) and a significant number of these patients required treatment (>100-fold OR) highlights the need to adopt uniform radiologic criteria to classify NF1-associated T2Hs. Taken together, it is recommended that neuroimaging surveillance be implemented for T2Hs classified as high likelihood for tumor, even in the absence of mass effect or contrast enhancement. Future prospective studies will be required to more completely define the natural history and growth trajectory of nonoptic pathway tumors, as well as to establish consensus guidelines for the routine surveillance of these tumors.
